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INTRODUCTION 
Eddy currents are used to inspect metals for small near-surface cracks and other 
defects. The eddy-current signal can be calculated quantitatively, at the cost of some 
effort, for non-magnetic metals at room temperature. Surprisingly, the same cannot be 
said for ferromagnetic metals [1]. Neither a quantitative nor a qualitative understanding 
exists for the change in the impedance when an air-core coil is placed next to an 
otherwise unspecified ferromagnetic metal. Nickel and iron are the ferromagnetic metals 
most commonly used in commercial applications. The authors are conducting an 
experimental/theoretical program aimed at developing a fundamental understanding of 
the swept-frequency impedance of coils placed next to thick plates of these elements. We 
start with commercially pure nickel. 
What is the appropriate model for the impedance of a weakly-excited air-core coil 
placed next to a ferromagnetic metal? Engineers generally assume that the permeability 
is local, independent of frequency and spatially isotropic. They also make two additional 
assumptions that are more questionable. First, they treat the permeability as uniform. 
Second, they assume that the permeability of the sample doesn't change with time- i.e., 
there is no significant aging ifthe reasonable care is taken with the sample. Wehave 
found, on the contrary, that any useful model for eiemental Ni must include a thin surface 
layer of greatly reduced permeability - as previously observed for transformer metals and 
then apparently forgotten [2]. Second, one must account for changes in the permeability 
with time- i.e., the sample ages. 
The theories of Cheng [3] and of Dodd and Deeds [4] allow one to accurately 
calculate the impedance change for a coil placed next to either a uniform or layered thick 
plate of non-magnetic metal. This theory assumes that the conductivity and permeability 
areuniform in each layer. Wehave adopted the same approach for magnetic metals and 
computed the swept-frequency impedance. This allows us to quantitatively test our 
understanding of our measurements. 
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The structure oftbis paper is as follows. We first describe the samples and the 
measurement procedures. We then show that it is necessary to include a thin 
( 10-100 J.Lm) surface layer of greatly reduced permeability in any model of the eddy-
current response of eiemental Ni. Next, we show that the eddy-current response of the 
samples changes over a period ranging from days to months and that the aging is due to 
atmospheric exposure. Finally, we conclude the paper with abrief summary. 
EXPERIMENT AL SET -UP AND MEASUREMENTS 
Measurements were performed using an automated eddy-current work station. The 
complex impedance of the coil was deterrnined with a Hewlett Packard 4194A impedance 
analyzer. Measurements were made at 401 equally-spaced frequencies in the range 1kHz 
to 1 MHz. A precision-wound and nearly right cylindrical coil, denoted probe L, was 
used. The inner and outer diameters of the coil were 1.07 and 2.62 mm, the lift-off was 
0.62 mm, the coillength was 2.93 mm and there were 235 tums of copper wire in the 
coil. Measurements were first taken with the probe in air, then with the probe in firm 
contact with the sample. Data are reported here as the difference of the complex 
impedance, !lZ=Zmew- Z",. 
Three samples, cut from a rod of 99.98% Ni bad the shape of right-cylinders with a 
height of 30 mm and a radius of 12 mm. No special care was taken with the surfaces of 
the samples when they were initially cut. The surfaces were smooth to the eye and 
grayish in color. After cutting, the samples were vacuum annealed for two hours at a 
temperature of 1073 K, fumace cooled and demagnetized. One sample was sacrificed 
and fashioned into a ring. A very low frequency (0.03 Hz) transformer-based 
measurement deterrnined that the relative initial permeability of the ring specimen was 
approximately 300, in good agreement with a handbook value of the static permeability 
forpure Ni. 
RESULTS 
Extreme Sensitivity to Surface Condition 
The change in the coil's reactance depended sensitively the surface condition of the 
sample. Figure 1 shows the change in the coil's reactance measured on sample 1 for three 
different surface states: "as cut and annealed," after the surface was wet-sanded to a 
smooth finish with 400 grit sandpaper, and after the surface was etched with a chernical 
polishing solution. Im !lZ was reduced by mechanically polishing the surface as shown 
by the dashed line. Im !lZ increased after chernical polishing and was much larger than 
the result for the mechanically polished surface. Figure 2 shows the change in the eddy-
current reactance as sample 2 was repeatedly etched with a chernical polish to remove 
more and more of the surface material. As can be seen, Im !lZ increased with the 
removal of surface material and reached its maximum value when 180 pm of Ni was 
removed. Further polishing caused a small variability in the reactance but no further 
systematic change was observed. 
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Figure 1. Shows Im I!{Z for Ni specimen after anneal and following surface treatments. 
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Figure 2. Shows Im !1Z for Ni specimen with progressive etching. 
251 
The eddy-current signal also depended strikingly on the aging of the sample. For 
example, the solid line in Fig. 3 shows Im t1Z for sample 2 measured after chernical 
polishing. The dashed line shows Im t1Z measured for the same sample after six months. 
The position of the zero-crossing was reduced by more than a factor of two. Our studies 
of this phenomenon are incomplete. However, Fig. 4 shows recent measurements made 
on sample 2, following the changes in Im t1Z as the surface was repeatedly etched until 
the signal quit changing. Measurements were then made on the day of the final etching 
and every twenty-four hours subsequently. lt is evident that the signal decreased 
significantly over several days. 
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Figure 3. Effect of aging on Im t1Z for Ni specimen. 
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Figure 4. Prompt changes in Im t1Z for Ni specimen after etching. 
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Exposure to Air 
The aging ofthe nicke! samples is due to its exposure to air. We tested this 
hypothesis in two ways. First, sample 2 was electropolished using a solution designed to 
passivate the surface with a tenacious sulfide layer a few monolayers thick. The purpose 
of this fluoride layer was to prevent the exposure of the bare nicke! to air. Up to the 
present time(> five months) no aging has been observed for this passivated sample. 
Second, we chemically etched sample 1 in the usual way (no passivation) and 
immediately placed it in a desiccating chamber that was evacuated and back filled with 
dry argon. No aging was observed for this sample as long as contact with air was 
prevented. The swept-frequency impedance of sample 1 was unchanged immediately 
after the sample was removed from the desiccating chamber (after 3 weeks). Aging 
resumed after the sample was exposed to the atrnosphere. 
FIT TO MODEL CALCULATIONS 
We attempted to extract the initialrelative permeability from the measurements by 
assuming that the permeability was uniform throughout the sample (probably a bad 
assumption from the results given above ). If the model were correct, a strong frequency 
dependence of the initial permeability for the nickel samples would have been necessary 
to account for the measurements. Similar results were found for other magnetically soft 
alloys like Permalloy and Armco iron. See Ref. [ 1] for details. Estimates of the relative 
permeability of nickel ranged from 30 to 160 depending on the factors mentioned above. 
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Figure 5. Campares measured impedance change as a function of frequency for a 
chemically etched and annealed sample with calculation for a sample with a surface layer 
of reduced permeability. 
Our measurements Iead us to the hypothesis that the permeability is, in fact, 
independent of frequency and that the apparent dependence on frequency arises from the 
presence of a surface layer with much lower permeability than in the bulk [2]. The fit 
between theory and experiment can be significantly improved by assuming that the 
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sample is inhomogeneaus and consists of a high-permeability core and a low-
permeability surface layer. Figure 5 shows the measured !lZ for sarnple 1 as a solid line. 
The dashed line is a theoretical calculation that assumes a uniform low permeability layer 
atop a high permeability base metal. The layer was assumed to have a thickness of 10 ~ 
and a relative permeability of 70. The relative permeability of the base metal was 
assumed to be 200. The fit between the experiment and theory is relatively good. There 
is some disagreement at the highest frequencies. The estimates for the thickness and 
permeability of the surface layer are reasonable on the whole. 
IMPLICATIONS FOR NDE AND CONCLUSIONS 
The eddy-current response ofNi is sensitive to the surface condition, thermal history, 
aging and exposure to air. The surface of polycrystalline nicke! has a layer of reduced 
permeability. The apparent permeability of this layer can be reduced by mechanical 
damage. The apparent permeability can be increased by chemically removing material 
from the surface. The apparent permeability also depends sensitively upon thermal 
history. The apparent permeability ofthe surface layer is time-dependent, with changes 
occurring over a period of days and months. Finally, the aging of the sarnple is 
apparently caused by the exposure of the sarnples to air. It is clear that reactance change 
due to magnetically soft, 99.98% Ni cannot be modeled by regarding the metal plate as a 
uniform half-space continuum. At the minimum, a quantitative model will have to 
incorporate the following features: first, a thin surface layer of low permeability; second, 
changes in the surface layer with thermal annealing, mechanical and chemical polishing, 
and with exposure to air. 
The primary use of eddy-currents in NDE is to detect cracks. What is an appropriate 
model for eddy-current inspection of cracks in nicke! plates? A layer of reduced 
permeability exists on the surface of the part and must be included. Our results indicate 
that the permeability of Ni is very sensitive to the introduction of defects - either by 
gentle mechanical polishing or by simple exposure to the atmosphere. The formation of a 
crack is inevitable connected with plastic deformation and the introduction of mechanical 
defects in the surrounding material. Thus, we expect that the material in the immediate 
vicinity of the cracks will have a reduced (possible greatly reduced) permeability 
compared to bulk metal. In Figure 6 we have indicated schematically the minimum 
requirements for an eddy-current crack model. First, the crack itself is denoted by the 
dark line. It is assumed that there is no electrical conduction through this boundary. 
Next, the lightly cross-hatched region indicates a thin surface layer with reduced 
permeability (the value of 20 is typical). The darkly cross-hatched region indicates a 
darnage zone around the crack where the permeability is likely to be even lower than in 
the surface region. The permeability in the darnage zone and in the surface layer may be 
expected to change with time due to atmospheric exposure. The eddy-current signal is 
expected to depend sensitively on all these features. 
What do our results imply for materials of more general industrial use? This question 
is open. In some ways, eiemental nickel is an extreme case, being a magnetically "soft" 
metal. Indeed, we increased its softness as much as possible by annealing and 
demagnetizing the sarnple. Thus, it is not too surprising that it was very sensitive to the 
introduction of defects, which tend to lock up the magnetic domains and thus to 
magnetically "harden" the material. Preliminary work on eiemental iron and other 
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Figure 6. Schematic drawing of a crack in a Ni plate. The surface layer is indicated by 
the light cross-hatching, while the darnage zone is indicated by the dark cross-hatching. 
magnetically soft metals indicates that results sirnilar to those reported for Ni may be 
common for these materials. On the other hand, we have little data for magnetically hard 
materials such as industrial steels - where the domain structure is deterrnined by defects. 
lt may weil be that our observations will not generalize weil to this dass of materials. 
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